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THE 1965 AFPA.AEC JOIOT UOKIHIK} STOOT AT LOB AIAhKB 

VOLUE II 

THE LIOHIWIK} SIECJSH« AS MEASURED W COLUMAIED DEUEC'IDBB. 

A-BIOSHERIC TRAKSMIS8I0B.    SFBCTRAL UnKKSITT RADIAWD. 

Ouy E. Bamsch 

ABSTRACT 

ColHaated 50*.field photometers were operated during tße 1965 
lightning study to obtain data for an analysis of the production of 

false alarms in air-fluorescence nuclear-explosion detection systems. 
Detectors were employed in spectral regions useful for air-fluorescence 

detection!   591* X [Ife* HI (0,0)] and 8900 A [Ife IP (1,0)], both of 
which are continum channels for lightning; and at wavelengths useful 

for litfrtnlng discrimination:   kiUO k [continm»], 6563 k [fti], anl 

8320 A [HI (2)].    flesults from ~ 870 pulses In 58 fleihes, all of which 

had visible, discrete channels, are presented in terms of source spec- 
tral intensities at 591* k (W sr"1 A'x) and as ratios of the spectral 

intensities in other wavelength regions to that at 5914 k.   Distances 

to the channels, ranging from 5 to 80 tan, were measured using a photo- 
graphic triangulation system, am appropris te inverse-square-law and 

itjnoBrberic-transmission corrections were made. 

■   Observations «re made on all types of lightning phenomena:    lead- 

ers, return strokes, and inter- and intra-cloud processes.; U» most prob- 

able spectral intensity at 5914 Jl for all these pu'=£es is lO* H sr"1 A"1} 

values range fron 5 X 10s to 10r W sr'1 Ä"1.   Average spt ctral intensi- 

ties relative to 591* k are:   41*0 JL, 1.2 ± 0.5J 6565 A, 2.1 ± o.8j 

8220 k, 4.8 ± 2,8; and 89OO A, 0.8 ± 0.4.    In first return strokes, the 
three longest-wavelength signals decrease relative to the 5914-A signal 
by a factor of 1.5 to 5. 

I.    1KTRCDUCTI0N 

This is the second of two reports on the opti- 
cal emission characteristics of lightning, investi- 

ffted at Los Alamos during the swaner of 1965. Be- 

cause lightning pulses are capable of producing 

false abinae in nuclear-explosion-detection systems 

that rely on optical detection of the burst of air 
fluorescence exejted äircctly or indirectly by an 
exploal'jn, a lightning study «as conducttd to find 

cptlnnw methods to discriinlnate agalnet such false 



alarms.    A nuaber of types of optical detestara 

were operated with strict timing coordination to 

Obtain different kinds oT spectral Information. 

Colllnatsd photometers obvained time-resolved sig- 

nals which «ere recorded continuously by oscillo- 

scope cameras; results are reported here.    A slit- 

less spectrograph «as used t? Investigate the return- 

stroke spectrum, for «hich results are given by 

Connor1 in the first report of this series.    All-sl^ 
photcmsters,.  identical to the ones designed for the 
Los Alamoe Air Fluorescence Detection System 

(LAAFDB),8 «ere operated by EG&Q to measure the 

lightning spectrum as seen by the lAAFEBs prelimi- 
nary results were reported by Anato.3   All meaaure- 
ments have been reduced by invarse-uquare-la« and 

atmospheric-transmission correction«! to give source 
characteristics, usinf source.to-deteotor distances 

measured with a photographic triangulation system. 

Bemotely operated, time-coordinated camfraa recorded 

images of the optical channel of a lightning flash 

simultaneously from three separated stations.* 
Parallax msasured from pairs of photographs of each 

channel, together «1th measurements of known land- 

marks, was used to calculate the slant disttnce- to 

points on the channels.   An average projected base- 

line of 6^0 m between pairs of stations resulted in 

estimated errors of ± 5$ at a distance of SO ten and 

1 25$ at 80 km.* 

Krider has reported photoelectric measurements 

of lightning made with colllmated detectors, with 
both narrow spectral passbends4 and broadband.3    Ite 

was Interested in the times at which raäiatlon freut 
the various molecular and atonic species reached its 

peak,4 and in the advance rate of the return-stroke 
streamersss he gave no relative strengths of the de- 
tected signals as a function of wavelength. 

Subsequent reports «ill contain the applica- 

tions of the results of the optical-emission meas- 
urements reported here and elsewhere.1'3   Volune 

HI will contain a derivation of the propagation 

chsracterifitics of lightning-produced signtils by 

which light is scattered into an all-sky detector. 
An aggregate of collimated-detector relativ« and 

absolute spectral data is required for comparison 

with similar all-sky detector results to ciitaln 

the scattering paracaten».    Volume IV will treat 
discriaination against lightning by nuclear-explo- 

sion air-fluorescence detection systems, aid re- 

quires the distribution functions of source charac- 

teristics presented in this report. 

H.    HBTRUMEOTATIDN AND CALIBRATIOK 

Five "co^^llBated,' photomefcers with parallel, 

circitlar,  50° fields of view were used during each 
lightning storm.    The term "collimated" is derived 
from the cellimation of light by lenses before It 

passes through interference filters.    The center of 
the coBjnon field of view was approximately parallel 
to tl»t of the slitless spectrograph1 at all times. 

In an, the spectrograph and photometers were point- 
ed toward the greatest lightning activityj hence, 

for ~ 60$ of the recorded flashes, the actual light- 

ning source and the majority of the light scattered 

fron it by clouds were within the photaneters' field 

of view. 

A.    Instrumentation 

A block diagram of a typical collimated-photoK- 

eter recording channel is shown in Fig. 1.   Slgmls 

from the photometer were amplified, conducted to 
the recording station, displayed on oscilloscopes, 
and recorded on 55-11111 film,    logarithmic-response 
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•   Operated by EOSG,  Inc.} data analyzed by LfBh. 

iig, 1. typical collimated-photometer recording 
channel. Hie observatory and recording 
station were 150 ft apart. 
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Fig. 2.    Collinated.photometer optics.    Die telescope limits incidence angles of light rayt at 
the interference filter. 

amplifiers were used to pemit the oanpresslon of 

several decades of useful data onto each recording; 
two oscilloscope beans were used for each photoc- 

eter output as shown in Fig. 1. 

Ihe optical components of the photometer are 

shown in Fig. 2.    CollJtaatlon of the incident light, 

and definition of the field of view, are accom- 

plished by the four lenses and aperture, which form 

a telescope with a demagnlflcatlon of 5.    tight 
rays incident on the objective lens at angles £ 25° 
off-axis leave the collinatlng lens and pass through 
the interference filter at angles s 50 from the 

nannal.    This colllmtlon serves to '.imlt both the 

wavelength shift and broadening of the spectral 

pessband to less than $ A. 

Ihterference-fllter peak wavelengths are given 

in Able I.    The average shift of the photonetei- 

passband fron the filter passband due to oblique 

rays Is -J S and thus 13 & small fraction of the 
bandwidth.   Appropriate blocking filters were used. 

■Hie logirithaic-response ampllflere used Phil- 

brick, Inc., operatlonal-amplifler modules.   The 

ISblfe I.    Interference Filters Used In the Colllmated Photometers. 

Channel 
Wavelength 

(h 
Filter.peak 
Wavelength a) 

3916 

Bandwidth 
Half Muc 

(i) 
23 

Maxlmun 
IVauBBlttance 

0,33 

Spectral 
Feature 

t£ 1N(0,0) 

Strof^er 
Sxcltatlon 

In: 

3911» Air 
FluM-cscen'"' 

4140 4142 18 0.40 ra (6) I-ightnlng 
65Ö3 6565 16 0.64 «a Liglitnlng 
ceso 8220 72 0.71 NI (2) Lig};tnlng 
8900 8900 65 0.55 ^ 1P(1,0) Air 

Fluorescence 



output, E (V), to a current pulse, 1 (A), VH, to • 
good approximation, 

E   -   Eo log10 ( -2- ♦ x )      t 

where Eo la • constant ami ^ tM the direct currant 
flowing before the pulse.   B» actml output, E, as 

a function af l/l^ for one of the amplifiers used is 
shown in Fig. 5. 

Continuous recordings of the output of each 
photometer vsre nade on moving film wing a "raster" 

display of recurrent lO-ase: oeclUwcope sweeps. 

Dils technique has heen used by previous lovesti. 

gators of lightning" In ordor to record with «»1B- 

tlvely good resolution throughout the total dura, 

tic» of a lightning flash, which can be > 1.5 see. 
Signals froBi two channel«, adjusted to deflect in 

opposite directions, were recorded slsultansously 

by each dual-beam-oecilloscope camera.   A typical 

pair of continuously recorded lightning signals 
Is shown in Fig. h. 

9,o» r 10        " io2 

RATIO OF PEAK INPUT CURRENT TO 
BACKGROUND INPUT CURRENT 

IO" 

Fl£> 3«    Epical lo^rlthmlc-aaplifier response 
curve.    The input must be expressed as a 
ratio because of the logarltlnsic behavior. 

lbs output signal front each colllnated-detector 

channel was also recorded on a l-DSec-duretion sin- 

gle sweejs that urns triggered by a "coordinated' 

trigger pulse," provided slmultaneously to all the 

recording stations by the coLlirated detectors.    Ike 
coordinated-trlggsr pulse was used at all recording 

stations to impress time marks by which simultaneous 
records could subsequently be correlated.    Only a 
few of the zolllmated-pbotcneter, singlt  »weep re- 

cordings have been reduced; they will be reported 

elsewhere. 

B.    Photometer Calibrations 

Absolute calibration of each of the photooetera 

was performeA by W. Gould lamediately after the 196$ 

operation. Three sets of measurements were made for 

each photoneter. 

1.   A tungsten primaiy-standard lamp which pro- 
duced a known spectral Irradiance at a given dis- 

tance was used In conjunction with a necMinlcal 

shutter, operated at 1/500 sec, to ctotaln one point 

on a curve of spectral sensitivity, Sv(Xo)•  « mul- 
tiplier voltage, V, for each photometer.    Ihe value 

of the spectral irradiance, Hc(Xo) (w cm'8 J'1), at 

the peak transmission wavelength, XQ, of th'  inter- 
ference filter, was used to calculate- the average 

sensitivity, SyCXo) [A/Cw cm"a jl"1)], as follows: 

SyCXo) Ic Hc(Xo) 

where I   is the current produced by the calibration 

pals«. 

2,    Relative sensitivities, Sv{Xo), defined 
above, were determined for all the operating volt- 

ages, V, by using a xenon-flash continuum source. 

Ihey ware related to the one absolute-response 

measurement made using the shuttered-tungsten source, 

giving a series of absolute pulse sensitivities for 
the multiplier voltages used. 

5.   A fatigue effect was found in several of 

the photometers at high backgrouad-light levels that 
depressed the sensitivities below their zero-back- 

ground values.   B» factors by which the sensitivi- 

ties were depressed were measured as a function of 

dc photometer output using the apparatus shown in 

Fig. 5.   A uniform background over the 50° field of 



Time increases ♦—39I4Ä 65631—» 

Irradionce (Wcm^Ä-1) 

(O'msec/sweep ^IQ^IO^IO"    I.O"!^0^^8 

ic)J     (c)' 

Fig. k.    Typical continuously recorded colllmated-photoneter Incident irradianees frcm atom kk, 
flash 1Ö2 {9/7/65, 2212 MDT), e ground flesh at 27.4-1011 distance, with two separate 
vertical channelr..    This reproduction represents a ^OO-iiisec oegnent of the flash, which 
''"sted about 1 sec.    Two slnultaneous lO-msec sweeps run from top to botton of the pho- 
tograph, then repeat displeced to the right,    Ths callouts at* as follows: 
(a) A typical, stepped-ieader signature. 
(b) The first return stroke, also the trigger pulse, which occurred 9 msec after the 

optical onset of the stepped leader. 
(c) Subsequent return strokes. Some are preceded within 1 to 2 msec by dart-leader 

signatures. Tbe one narked (c)' may be a "first" return stroke associated vith 
the second of the two observed vertical channels. 

(d) Eitracloud-process pulses, associated with streamers to new charge concentrations 
within the cloud. 

(e) A complicated light pulse, probably produced by a relatively short-lived contl oing 
current. 

(f) This record is followed after ~ IJO msec by more puise activity. 

1000-WATT 
TUN6STFN   LAMP 

CYLINDRICAL LENS 

FLASH LAMP 

N.D. FILTER 

COLLIMATING 
LENS . 

PHOTOMETER 

/ 

Fig. 5.   Calibration apparatus for measurement of fatigue effects.    The 10C0.W lamps and dlffusers 
produce a uniform background illanlnatlon.    The cylindrical, lens linage of the flash lamp 
simulates a lightning stroke in the center erf the field of view. 
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view MS produced by brightly llllinlneted diffuse 

scatterers.   A lightning flash was simulated in the 

center cf the field of view by a cyllndrlcal-leas 

Image of the flash»lamp pulse.    Curves of relatlvr> 

sensitivity as a function of background current 

«ere obtained for all fatigue situations, and a set 

of such curves is shown in Fig. 6. Thare was no 

nonllncarity of output tar any of the detectors at 

any of the voltages or background It. .els within the 
range of current« used. 

BACKGROUND CURRENT,IÖrA 

Flg. 6.   Changes in senaltlvify of 6563-Jl oollima- 
ted photaneter produced by background 
llluminatio . 

The lightnlcg-produced irradlancec,  H(\o), 

quoted in the data reduction were calculated by 

H(Xo) I svUo) 

where I is the pulse current measured during the 

experlaent for the pbotoeeter channel centered on 
\0.    It can be shown7 that, to a good apprcKlnation, 

E(Xo) 1« the spectral Irradlance, H(X), produced at 

the detector by lightning, averaged over the inter- 

ference-filter spectral-pessband transmission curve, 

T(X,Xo)j  i.e..       , 

H(Xo) 

I1    H(X) T(X,\o) dX 
0 

J  T(X,XO) ax 

III.    DATA, RSDDCTION 

The continuous recordings of the collioated- 

photoBKter signals wer« reduced using photome^r and 
electrical-system calibrations to give Incident peak 

spectral irradlances (W cm*8 i'1) for each channel. 

Peak signals were measured for each of the pulses 

recorded during lightning flashes selected on the 

basis of knowledge of distance to the channel and 
the availability cf comparison data fron other sen- 

sors.    The results were (a) spectral irrad'ince at 

each photometer entrance pupil for each pulse, and 

(b) ratios of these values to the spectral Irradl- 

ance in the igik-l channel.   Each pulse was Identi- 
fied by a number representing the time (msec) at 

which the pulse occurred after the coordinated- 
trigger pulse for that flash.    Incident spectral 

irradlances, calculated from the dlgnals shown In 
Fig. k, are given In OSble II. 

T»ble II.    Incident Ifeak Spectral Irradlances for 
Pulses Shown In Flg. h 

Tine, 
msec 

Figure k 
Heferenc« 

Spectral 
Irradlance 

39i4. k W em'-* r* 

Spectral 
Irradlance 

-009 (•) 2.0 y icr»a 7.8 x 10-» 

000 00 1.1 x 10*10 5.7 x KT10 

OhO (0 1.5 x 10'10 U.8 x 10-" 

060 - 1.1 x 10"» k.9 x lO"» 

077 (dl 2.1 x 10"1« 1.3 x 10-" 

095 (0 1.6 x 10*" 1.1 x 10"10 

096 (c) 6A x lO"" 4.3 x 10-" 

125 (0 2.5 x lO'" 1.4 x 10"xo 

126 (c) 1.2 x 10-" 6.6 x 10"" 
141 (d) k.O x 10-« 1.9 x 10'" 
168 (c)' 9.7 X 10"" 6..? x 10"10 

Hesulta from the collimated photometers for 

about 1200 pulses from lightning flashes which oc- 

curred during four storms have been reduced.   Fifty. 

8 



eight of the flashes bad bright channels to which 

the distances were determine^, either by the photo- 

graphic triangulation system Or, In  t few cases, by 

noting the time between flash and tliunder,    A few 

of the flashes were Intracloud or ground flashes to 

which distance was not measured.    Ihey were used to 

Increase the sample of data in several areas, as is 

discussed in detail in Section IV.   For the flashes 

of known distance, in which all dlscernable pulses 

were reduced, the average number of pulses was 1$; 

a few flashes consisted of ore pulse; and for one, 

a total of 87 pulses were reduced. 

To determine lightning source characteristics, 

corrections for modifications of the signals pro» 

duced by distance and by the intervening attuosphere 

must be m*äti,   The distance dependence of the opti- 

cal signals can be predicted to a first approxi- 
mation by the Inverse-square lawj    the irradiance, 

H(x) (W cm"8), measured at distance x 'km) from the 

source, is related to the source intensity 
I (W sr"1), neglecting atjuospherlc effects, by 

I n IO10 xs ;j(x).   Tbe factor of IO10 is required 

to compensate for different units of length in x 

and H(x),   Ti» Intensity I is a source character- 
istic that is independent of source-to-detector 

distance when corrections for atmospheric effects 

are made. 

Signal modifications are produced In the at- 
mosphere by scattering from constituents that give 

dispersive (i.e., wavelength-dependent) or nondls- 

perslve e.fects.   Dispersive scattering is produced 
by molecules (Raylelgb scattering) and «eroeols 

(Mie scettor'ng), which for a given detector loca- 

tion are mppr.-ixiinately uniformly distributed and 
cannot change their distributions rapidly.    Ifondls- 

persive scattering is caused bv atmospheric con- 
stituents with large particles, viz., rain and fog, 

which by their nature are highly variable in dis- 

tribution as a function of space and tine. 

Tbe effect on a beam of light of wavelength 

\ Ck) propagatiiK along a path, s, in a scattering 

medium with an extinction coefficient, |i(s,X>t) 
(Ian'1), that My depend or. coordinates, wavelength, 

and tine, can be written as 

Fx(s) F U) exp 
0 

F-J )i(8,\,t)  dsl 

where: F0(X) is the flux (W) at wavelength X, which 

leaves the source In the direction of the detector's 

entrance pupil; the integral Is a line integral over 

path s (km); and F. (s) Is the flux that reaches the 
end of the path.    For the dispersive component at 

the atmosphere the extinction coefficient, ^(X), 

la not a function of space or time, to a good ap- 

proKimatlon.    the flux at distance x can thtn be 
written Fj^x) - F0(X) exp [.y(X)x],   The nondis- 
perslve component of the ituosphere, however, will 

have an extinction osfllelent, n^-^t), which, 
while it does not depend en wavelength, will depend 

cm spatial coordinates and tine.   Without precise 

knowledge of this dependence, the line integral 

given above cannot be ewluaced. 

This derivation assunes that the scattering 

Is single, and thai: it is purely a loss mechanism, 

so that no light Is scattered into tbe detector's 

entrance pupil.   It applies, therefore, to • narrow- 

field detector pointed directly toward the source. 

It is also an adequate first-order approxlnatiou to 

the case of the colllwated detectors, which had a 

50° field of view; modu'leations which are produced 

by light scattered into the field of view will be 

discussed in a later voliane. 

Effects of the two typw of scattering on the 

collinated-detectar lightning data were determined 

on the basis of the single-scattering,  narrow-field- 
detector model by separate, empirical techniques, 
as follow. 

A,   DiBpersive Seatterii« 

Tbe average extinction ccefficlents, u^X), 

produced by the dispersive components of tbe atmoe- 
phera were obtained in two steps. It was found 

that one set of extinction coefficients give a good 

fit to all the data, and that therefore the assisnp. 

tion of a homogeneous, tine-independent, dispersive 

atmospheric component was Justified. 

First, the difference between Md(X) at X ■ 
3914 A and X • 6563 I was obtained empirically by 

a derivation of the value that gave the best fit to 

all the data.    Values of the ratio of the incident 

spectral Irradiances at 6563 and 3914 J VB source- 

to-deteetor distances, x, were plotted on a semilog 



i 
•< 

i 

IO 

•< 
10 
(0 
<0 

40 

20 

10 

RUN NUMBERS 

♦ •34 0*40 

A »38    ■ »«« 

10 20 SO 60 70 

W«. 7. 

30 40 

DISTANCE , km 

Distance dependence at incident 6363-k/i91<i-l spectrtl-lrredlance ntlo.   Bach point la the 
avenge of all pulse ratioa dbserved for a single flash.   The equation tf the straight Um 
is TATIQ m 2.1 exp{0.031 y. onxftBCE), giving an average ratio of 2.1 at the source and a 
difference o* extinction coefficients of 0.031 ka*1. 

80 

scale, aa shown in Fig. 7.   a» Jlope of the best 
straltfit-llne fit to the point   then gives fti - 
Hd(591^ i) - ^(650 A) - O.03.. tan"1; the intercept 
at x ■ 0 1« the average value of the spectral-irra- 
dlanne ratio which would he acas-wed at the source 
(given In Section Tt), 

Urn second step in the detemlnatlon of the 
u,(X} fit« the difference given by the first step 
to tabulated values of typieei extinction coeffi- 
clen^e of etBoaphorlc constituents.   Cosklned aver- 
ago v-i.tas of atmospheric oobtcular and aerosol 
extinction coefficients are given in the "Handbook 
of Geophysics and Space Envlroiaents,"8 «s a func- 
tion of wavelength and altitude.   An altitude of 
h üB produce« 'he difference betv >n extinction 
ci- flcientt at jSlk and 6563 i -hich best agrees 
with the esvirloal difference given above.   Estinc- 
tlon eoefftstenta M.(X} corresponding to the tabu- 

10 

JO 
.081 

r—r 

4000 9000    6000   7000    «000   9000 
WAVELENGTH. Ä 

Fig. 8.   Wsvelsi£th dependence of     tlnatlon coef- 
ficients for which tba dlixerence between 
values at Wlk and 063 i is 0.031 las'1. 



lated data for that altltule are plotted v» vav«. 
length in Pig. 6.   Shown for eonparlaon la the con» 
ponent produced hy Baylalgh scattering alone. 

B.   HondlBjeralvt) Scattering 

Aa aentloned previously, the atnosphsrlc con« 
stltvwnts that cause nondlsperslve scattering are 
rain and fofe, vlth much acre variable effects than 
the dispersive constituents discussed above.   Hence, 
the asemptlon of a uniform, time-independent, ex- 
tinction coefflelent, |i^, which Is applicable to 
all atoms la not Justified.   Corrections could be 
Bade for the effects ef rain If aeasurarnnts of the 
rainfall rate had been aade all alojg each llghtnlng- 
to-detectox   Ath, a clearly Inpractieal approach due 
to the unpredictable location of llghtnl.ig channels. 

Methods exist, but were not used, for probing the 
atmoephero frcro one location with optical radar to 
neasure ecatteriag and extinction coefficients on 
linear paths through that location,e'10   la lieu of 
data giving uMrtbiguous values of atmoepherlc trans- 
alsslon, an empirical method has been used to mini- 
mize the depenience <tf the reduced data on nondls- 
perslve atmoepheric constituents. 

Since the noidisperslve scatterers affect all 
spectral channels equally, only absolute signal mag- 
nitudes can be an effective jrflbe of the extinction 
coefficient.   Figure 9 !• • »lot <*" «» «bsolute 
spectral Intensity at 391* i, corrected for inverse- 
squure law and for dlapenlva scattering, va dla- 
tance to the source.   Each point la the average In- 
termix of all pulaas   f one flash, where the 
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for BoidlSTierBlve scattering by use of tbe ■atel dlvcuesed In the text.   SM l^provenent In 
conslstenaar 1B clear. 

«verege vu detemlned from the »an at the loga. 
rltfaM of the Intenaltlea.   It la clear that polnta 
within each atom tend to scatter hy a factor of 
atoirt 10, while conparlsona among the stom» shov 
differences of more than a ftetor of 100,   Slnos 
thsre is no reason to aasme that these stems all 
had quantitatively different lightning. It is as- 
stnad that the dlffexenses are produced mainly by 
ateoajtaric effects not yet included in the reduc- 
tions. 

A tyre of correction, suggested by Fig. 9» 
that sorws to bring the data Into better agree. 
went, predicates that the atmoepherlc-transBlssion 
correction is the same for all flachs« in aqr given 
stom.   An "extinction factor," by which all inten- 

altles mist be «ultlplled, is derived for each 
atom by requiring that the average intensities for 
all eta» be equal.   The following extinction fac- 
tors were obtained fnst the data plotted in Fig. 9: 
atom 3fc, 27; atom 38, 1.0 (this atom la uaad aa 
• atairiaxd); atom 40, 16; and atom Uk, 90.   Sfae 

data corrected by theae factora are plotted in 
Fig. 10, which »how the laprovement In data con» 
alstency. 

Oils correction accounts only for alaosph—1c 
extinction between stem and detector and cannot 
accouit for the variations of ataospberle trans- 
Blaaloa within the stona that produce vart of the 
reoaining point scatter In Fig. 10.   Furthemore, 
the data available do not admit of a more reflwd 
treataant, since no meaaureaenta of extinction 
coefficients or of data pertaining to them were 
made.   The absolute-intensity distribution function, 
to be derived from the data corrected for nonUs- 
persive scattering on the basis of the one-paraneter- 
per-stom model, therefore represents actual light- 
ning pulae-hel^bt var'-ations, without correction 
for rein and fog within a stom.   She false-alarm 
analysia (Voluae IV of this series) will not re- 
quire thst these effects be separated. 

To sunaarize, the data are reduced to source 
ehanetaristics by eozmotiona for (a) luverse- 
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square law, to #ve Intenaltlos radiated by the 

source; (b) dispersive scattering, determined emplr- 

icalty from the Incident relatlvs-liradiance data; 

and (c) nondispernlve scattering, determined empir- 
Ically frora the absolute-inteasity data, 

IV.    HESUUB 

The optical data have been used to derive 
source characteristics and their variaMona.    The 
3914.JI spectral, intensity distribution function la 

given, and other results are presented only as spec- 

tral intensity relative to 591* I, for the followir« 

reason.   K» absolute-Intensity diatribution func 

Won at 391* k spans several powers of 10 in intei.- 
eity, as do those at other wavelengths, owing to the 

many types of lightning phenaosna represented. 

There is much less pulae-to-pulae variation of the 

other Ittensities relative to that at 391* A; there- 

fore, variation» among absolute-intenslly distrib- 

ution functions would cover but a small fraction of 
the range of Intensity values of the 3914-Ä dis- 

tribution f-uwtlon.  If required, the absolute-ln 

tensity distribution function for aiy of the spec- 

tral channel can be derived fr'm the 391*-A «oso- 

lute-intenslty distribution function and the corre- 
sponding relative-intensity distribution function. 

Purtheir are, the false-alarm-rate analysis to be 

presented in Volune If of this series requires the 
functions given here. 

A. Spectral Inteaalty at 391* k 

Figure 11 is a plot of tie dlatributlc-. func- 
tion of source spectral intenBities at 3914 X. Aa 

discussed in the previous section, this distribution 
represents that of all pulses produced by a light- 

ning storm, without correction for rain or fog with- 
in the storm. Effects of extinction by the atnoa- 
phere outside the storm have been removed. 

The moat probable spectral inteisity at 391* I 
is ~ 10* W gr"x i"1.   Because optical pulses from 

all types of lightning phenooena, viz. leaders, re- 
turn strokes, and intracloud processes, were used in 

the derivation of the distribution, there Is a Icrge 
spread of the spect-il intensities, more titan a fac- 
tor of 10 at the half-maxlimag points. 

SPECTRAL INTENSITY   1, W »r 

Fig. 11.   Distribution function, dF/d(logI), for 
391*-Jl spectral intensities,   I.    log- 
arittas are to base 10.    Fraction of 
pulses with intensities between Ii 

logfe 
aitf la is AF - J 

dF 
d{lcg I), 

log Ii   d{log I) 

B. Spectral InteMities Relative to 391* i 

Average values of spectral intensities meas- 
ured at *1*0, 6563, Ö220, aid 89OO k, relative to 

391* A, are given in Able III,    The numbers of 

pulses which the averages represent are different 
because not all detectors were In operation at any 
one time,    Sie averages given for "all pulses" rep- 

resent the average pulse a lightning flash produces. 
Pulses which can be attributed to first return 

strokes on the basis of the continuous recordings 

have been isolated in a manner similar to the data 

reduction of the slltless spectra,1 and average rel- 

ative epectral intensities ere reported separately 
in the table. 

Me found that there were too few data with 

accurately measured distances in four of the entries 
listed In Ifeble HI (see notes c and 1).    three of 

these entries are for first return strokes, which 
represent only 3% of all pulses reduced, and the 

fourth is at 89OO k   where the detector sensitivity 
was poor.   We approximately doubled the sample in 
these entries by Incorporating data for which dis- 

tances had not been measvo-ed, using technlquas that 
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T&ble IS.    HBl&tiv» Spectral IftteMltiM Produced by lightning 

Wavelength 

Spectral Feature 
Ughtning* 
Air fluorescence 

All pulses 
Samples /s tonos 

First return strokes 
Sampler/stomis 

Uotes:   a.    C ■ continue». 

Ife 1Ä (0,0) 

1 

C,Kt (6)D 

ifcap(3,7) 

1.2 * 0.5 

1.0 * 0.2 

%&1 
cb.lJa 

JfeiPtt,«») 

2.1 ± 0.6 

1.2 ± 0.3 
26A 

8820 I 

iii(2) 
Nl(2) 

4.8 ± 2.8 
i»äa/3 

1.? * 0.6 
30/5C 

8900 I 

lfelP{l,0) 

0.8 ± O.h 
89/lc 

0.5 ± 0.2 
21/lc 

b. Slltless spectra show eontinuun to be present throughout the visible spectrun, pro- 
ducing the main contribution to signals at 3914 and 4140 JU1 

c. To Increase data sample, sow data have been used for which distance» were est&iated. 
See text. 

d. üb increase data 8anple,saae data frcm A near storm have been used without correction 
fear distance.   Estimated error in 4l40wJL/39l4-Jl ratio 1c small.   See text. 

minimized aiy errors so introduced.   First, at 
4140 X, first-return-stroke data from a storm that 

was localized near (i.e., <, 20 km from) the detectors 

were added without benefit of ateospteric-tranaaiis- 

sion correction.   She average error introduced In 

the 4l40.i/39l4-A spectral^lntensity ratio is < lO^t, 

owing to the small separation in wavelength.   Second, 

for the infrared channel«, data were taken .'ran 

flashes with maiy pulses, for which distances were 
estimated empirically, «u: follow.   Ihe average In- 

cldent spectral-Irradiance ratio, 6563 X/3914 1, for 

all pulses in the flash was used as an Ordinate in 
Fig. 7, and the straight line was used to detenine 

the corresponding distance cm the abscissa.   For e 

flash with 10 pulses, the probability is 50i ttmt 

the distance so estimated is within * 4 km.   The 

average error in the relative infrared-intensity 

values derived using these eotlmated distances is 
± 20*. 

Several conclwions can be obtained or substan- 

tiated on the tasis of the data in Table in, 

(1) The large values of relative spectral in- 

tensity at 6363 and 8220 A are produced by strotz 

excitation, in the average lightning pulse, of the 

species HA and HI, respectively.   This behavior was 

also observed in the visible in the slltless spec- 
tra,1 

(2) Hie <amlX value of the relative 89OJ.Ä 

spectral intensity shows the absence of a strongly- 

excited atomic-line or molecular-band feature and 
only a weak continuum in the infrared. 

(3)    The first-re uuriwströke data show a de- 
crease of all rod and infrared channels for first 

return strokes vten empared with other pulses.   We 

interpret the decreases as manifestations  £ two 

effects observed la the slltless spectra of first 

return strokes:1   the decrease of HI and HI fea- 

tures relative to the continuua, and the Increase of 

the blue continuua relative to the red.   The 4l40-A/ 

5914-A spectral-intensity ratio Is expe^>«d to be 

relatively unchanged when first return strokes are 

compared to other pulses, because both channels see 

primarily eontinuun and there is little separation 
in wavelength between then.   The 4l40-A data clearly 

attributable tc first return strokes are insuffi- 

cient to substantiate or Invalidate this conclusion. 

Histograms of the Spectral '.ntensi ties at 

4140, 6563, 8220, and 89OO I, relative to 3914 A, 

are given in FlgB.  12 thrcjgh 15, respectively. 

Since these histograms are to represent the overall 

behavior of the wrlous spectral regions In light- 

ning, tne data from which they ere derived repre- 

sent all types of Ughtning phenomena, i.e. all 
pulses. 

For the histograms of the 4140- and 65634 

relativ« intensities the most probable ratio agrees 

well with the average ratio.    i*ls signifies that 
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of the intensity ratio.   The asynggstry may be real 

if the large values are produced by enhanced e»cit- 

atlon af the Hl(21 feature at 0820 I relative to 
3914 X.   He expect large variations of signals In 

the äS20-i channel because of the different excit- 

ation mechanisms of the HI{2) atenic line for the 

maqy types of pulses end the leek of a strong con- 

tlnuun.    However, the esymnetry nay be the result 

of «n experimental problem caused by the lack of 

sensitivity of the infrared detectors. 

Because It may be of Interest in future studies 

of discrimination against lightning Involving detec- 

tion systems that are sensitive wholly within the 

infrared, we have compared the 6220- and ÖgOO-i data 

with each other.    No correction for dlstat.ee depend- 

ence of the SeZ0.l/B9OO~l ratio «as made because of 

the small predicted difference In extinction coeff1- 

cien'ts and the relative uncertainty as to how well 

the atmospterlc extinction model can be extended 

Into the Infrared,   For 69 pulses 'rent one storm, 
including all phenomena, the average äS20-A/890O.Ä 
spectral-Intensity ratio was k,B ± 2.6) for 21 first 

return strokes it was 3.1 ± 0.9.   B>e difference re- 
flects the lower excitation of the NI(2) (62204) 

feature In first return strokes relative to the av- 
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Fig. 16. Histogram of 6220-1/0900-A spectral-inten- 
siv ratio. Data rot corrected for atwos- 
Idierlc extinction.   See text. 

erage pulse.   A histogram of the all-pulse values 

is shown In Fig. 16.    As In the case of the 6220-1/ 

39lV-i ratio, the spread of values is large, for the 

same reasons. 

nie distribution functions for the spectral- 

IntewlMes at klkO, 6563, 6220, and 6900 A, rela- 

tive to tflk I, given in the histograms of Figs. 12 

through 15, «re shown in another form in Fig. 17. 
A similar disti <bntlon function for the 6220-1/8900.i 

data Is given In /ig. 16.   n» probability that the 
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intensity ratio produced by a given pulse is smaller 

than sane input value is the torn, of distribution 

function required by the false-alarm analysis (Vol- 
ume IV, to be issued). 
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